Neurosurg Focus 42 (6): E12, 2017 I ntracranIal blister aneurysms are a rare but surgically challenging vascular pathology for which the ideal treatment is unclear. In 1979 Ohara and colleagues described a series of aneurysms arising from nonbranching sites of sclerotic parent arteries, accounting for 1% of the aneurysms encountered in their practice. 42 Due to the fragility of the sclerotic parent vessels, the authors recommended that "a completely different surgical management must be taken from that used in cases of [classic] berry aneurysms." Whereas some aneurysms at sclerotic nonbranching sites may have the berry shape, others have a half-dome shape in which the neck is wider than the dome. In 1988, Takahashi used the Japanese word "chimame," meaning "blood blister," to describe aneurysms with such a shape. 53 Blister aneurysms have been reported in the anterior and posterior circulation, but the most common location is the supraclinoid internal carotid artery (ICA). 34, 42 Blister aneurysms of the ICA have a reported proportion of 0.3%-1.7% among cerebral aneurysms treated operatively, and up to 6.6% among ruptured cerebral aneurysms. 1, 37, 38, 40 It is important to note that although Ohara and colleagues' original paper described aneurysms arising from multiple cerebral arteries, 42 the term blister aneurysm is often restricted to half-dome-shaped aneurysms from nonbranching sites of the dorsal ICA only. 1, 18, 24, 35, 38, 40, 53 Other authors use the term to describe such aneurysms of both the ICA and basilar artery, 3, 7, 36, 48, 52 and some authors include such aneurysms of the middle cerebral artery (MCA), anterior cerebral artery (ACA), vertebral artery (VA), posterior cerebral artery (PCA), and posterior inferior cerebellar artery (PICA). 4, 15, 31, 35, 45, 46, 49 Whether blister aneurysms of the dorsal ICA have the same or different pathogenesis and natural history as similarly shaped aneurysms of nonbranching sites of other cerebral arteries has not been proven.
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Perhaps due to the rarity of blister aneurysms, the described pathogenesis is not conclusive. Histological examination of blister aneurysms usually reveals a gap in the arterial wall covered by thin, fibrinous tissue, suggesting that the entity is, in fact, a type of pseudoaneurysm ( Figs. 1 and 2 ). Furthermore, authors have angiographically demonstrated increase in size and change in shape from the blister shape to the classic berry shape in the first several days after presentation, suggesting a dynamic pathol-ogy. 1, 34, 40, 54 Although angiographic and intraoperative observational studies have associated blister aneurysms with ICA dissection, 18, 28, 37, 40, 51 authors who have histologically examined blister aneurysms have reported no evidence of dissection, further confounding our understanding of the pathogenesis of this entity. 1, 23 Arteriosclerosis and subsequent ulceration have also been posited as key factors leading to the development of blister aneurysms, 1, 23, 42 but Ogawa and colleagues suggested in 2000 that development of these aneurysms is more strongly associated with hypertension than arteriosclerosis. 40 Of note, several studies have documented blister aneurysm locations at points of abrupt curvature of the ICA, thus supporting the importance of hemodynamic stress in contributing to the pathogenesis. 1, 38, 40 There is at least 1 case report of a blister aneurysm forming due to infectious vasculitis of the ICA wall with Aspergillus, adding yet another etiology to consider in the pathophysiology of this aneurysm subtype. 41 Despite these significantly varied explanations behind the mechanisms leading to blister aneurysm formation, investigators have consistently described fragility of the blister aneurysm as well as adjacent parent vessel walls, a high tendency to rupture, and unique clinical challenges in terms of both diagnosis and treatment.
The fragility of blister aneurysms makes their treatment technically challenging. Clipping alone is sometimes feasible, but frequent rupture or vessel tearing necessitates alternative primary or secondary techniques. Early papers advocated wrapping with muscle, with subsequent adhesive coating or clipping. 38, 42 Later, authors described use of the Sundt encircling clip, clip-wrapping with synthetic wrapping material (Fig. 3) , and in some cases, ICA trapping with or without bypass. 1, 13, 18, 26, 27, 37, 41, 50 However, surgi- Given these results, the approach to treatment of blister aneurysms in recent times has shifted from open surgical treatment to endovascular treatment. This is especially the case with ongoing innovations in regard to endovascular techniques and devices. 43, 47 As in the case of open surgical approaches for blister aneurysm treatment, endovascular approaches may involve either deconstructive or reconstructive techniques. Parent vessel deconstruction with endovascular coil or balloon occlusion is definitive and technically straightforward to perform but is not feasible in many contexts, due to inadequacy of collateral circulation and potential for stroke.
14 Although this technique has a high rate of initial occlusion compared with other endovascular therapies, it is associated with a significantly higher rate of perioperative stroke compared with endovascular reconstructive treatment. 48 Endovascular reconstructive options include direct embolization with or without balloon or stent assistance, single or overlapping stents alone, and flow diversion. Fortunately, all of these endovascular options have demonstrated success. We will discuss the unique technical hurdles, clinical nuances, and patient outcomes that have been reported in the literature.
Direct Embolization
As noted by Fiorella and colleagues in 2006, direct embolization is only possible in cases in which a saccular component of the lesion is present, which oftentimes is either nonexistent or too small.
14 Moreover, the physical characteristics of blister aneurysms that make open surgical treatment challenging also make occlusion with coils or a liquid embolic agent challenging. The thin, fragile domes that render these lesions more prone to intraoperative rupture make the technical aspect of coil introduction particularly risky. Also, the characteristic wide neck of blister aneurysms makes the initial placement and retention of occlusion material difficult, while also increasing the risk that any applied material can dislodge and occlude vessels unintentionally. 2 Thus, reported cases involving direct embolization of blister aneurysms from most centers were performed with the assistance of a balloon or stent (Fig. 4) , and primary coiling without any assistance is rare. 12, 15, 18, 22, 36, 46, 52 The use of a liquid embolic agent for treatment is exceedingly rare and has not been reported without the use of concomitant stenting.
Rates and definitions of success vary, but 1 study of 43 patients with blister aneurysms reported an initial complete occlusion rate of 60.4%, with 90.7% of patients treated using stent-assisted coiling. 15 Another study reported successful occlusion with stent-assisted coiling in 5 of 8 patients in their series. 12 Between the 2 aforementioned studies and 2 separate studies including patients with ruptured blister aneurysms who underwent treatment predominantly with stent-assisted coil embolization, good clinical outcomes were reported, with modified Rankin Scale (mRS) scores of ≤ 2 in the vast majority of patients. 12, 15, 22, 36 Despite the potential for good angiographic and clinical outcomes, actual use of stent-assisted embolization is limited based on technical factors, because many blister aneurysms have domes that are too small or too morphologically challenging to accommodate embolic material. Nonetheless, direct embolization techniques represent a conceivable endovascular option that offers immediate occlusion and, in the context of patients presenting with subarachnoid hemorrhage (SAH), the ability to secure the aneurysm with concomitant reduction in the potential for rerupture.
Stenting Alone
Among the reconstructive options for blister aneurysms discussed herein, the use of stents alone is the least common. In most reports of stent use, it has been in conjunction with either coiling or liquid embolization, as noted in the previous section. Although previous authors described the application of endovascular stent reconstruction as monotherapy for treatment of intracranial aneurysms, to our knowledge Fiorella et al. in 2006 were the first to report the use of stent reconstruction alone in patients with blister aneurysms when they used the Neuroform (Stryker Neurovascular) stent in 2 patients with blister aneurysms of the right ICA treated with stenting alone.
14 Neither patient experienced a neurological complication, with follow-up angiography demonstrating complete aneurysm occlusion at 4 months in one patient and near-complete aneurysm occlusion at 9 months in the other. In 2010, Gaughen and colleagues reported on 6 patients treated with a stent-instent technique using self-expanding Enterprise (Codman Neurovascular) or Neuroform stents. Immediate complete occlusion was documented in 3 patients, and retreatment with coil placement was needed for the remaining ones. or Neuroform stents were used. Complete aneurysm occlusion was documented in 2 patients immediately after stent placement and in 3 more patients on follow-up angiograms. Of the remaining 3 patients, 2 had no residual filling on 1-year follow-up MR angiography, and 1 had rapid aneurysm expansion that required parent artery occlusion and bypass. 55 Two more case series have reported blister aneurysm treatment with the use of a single Neuroform stent. Each reported 5 patients, all with long-term complete occlusion and no adverse complications. 4, 19 It is important to note that complete aneurysm thrombosis was demonstrated in some patients within a few days of intervention, but it was not demonstrated in others until long-term follow-up, which was, on average, 13.6 months in 1 report. 4 Also, a few centers have reported success in achieving complete occlusion with good clinical outcomes by using covered stents specially designed for intracranial use, such as the WILLIS covered stent (MicroPort NeuroTech). 11, 29 Use of covered stents can achieve immediate occlusion, and may be a viable option that decreases the risk of early rerupture in these patients. Although not commonly used, stents (both covered and otherwise) are worth consideration in the setting of blister aneurysms that are not amenable to direct embolization and in which flow diversion is contraindicated or unavailable.
Flow Diversion
The use of flow-diverting devices (FDs) such as the Pipeline embolization device (PED; Medtronic Neurovascular) (Fig. 5) and Silk (Balt Extrusion) for treatment of blister aneurysms is gaining in popularity and has the potential for becoming the standard of care. 3, 5, 6, 9, 10, 25, [30] [31] [32] [33] 39, 49 In their 2017 study of 10 patients with ruptured blister pathology and an average Hunt and Hess score of 1.6 on presentation, Linfante et al. noted successful deployment of the PED in 9 patients. 31 Eight of the 9 patients treated with the PED had a 90-day mRS score of 0, and the remaining patient had a score of 1. In 2014, Chalouhi and colleagues reported complete aneurysm occlusion and an mRS score of ≤ 2 in all 8 patients in their series on PED treatment of blister aneurysms. 7 Other smaller case series of the PED for blister pathology have reported complete occlusion of the blister aneurysm and an mRS score of ≤ 2 in all patients. 10, 21 Similar results with the SILK device were reported by Aydin and colleagues in 2015, in a retrospective study of 11 patients with ruptured blister aneurysms. Complete occlusion in all patients was achieved at the 6-month follow-up visit, and all had mRS scores of ≤ 2.
3
As encouraging as the use of FDs may seem in regard to treatment of blister aneurysms, it is important to note that their use is not completely benign. In 2014, Yoon et al. reported an mRS score of ≤ 2 in 10 of their 11 patients, but there were 3 major complications, including an intraparenchymal hemorrhage resulting in death, an MCA infarction, and monocular blindness, as well as 2 asymptomatic complications including ICA dissection and ICA occlusion from stent thrombosis. 56 As for the Silk device, a group in Turkey reported an 87.9% overall complete occlusion rate in a series of 32 patients. 5 Two complications were reported in that series, with 1 thromboembolic event and 1 death due to postprocedural intraparenchymal hemorrhage. Furthermore, even when properly placed, FDs do not necessarily provide immediate aneurysm occlusion; there are reports of delayed rerupture of blister aneurysms after treatment with single FDs, sometimes resulting in death. 33, 39 It is also of interest that systematic reviews have shown treatment of blister aneurysms with FDs to result in a higher rate of thromboembolic events compared with non-FD-mediated endovascular treatment, but there was no significant difference in the rate of rebleeding. 44, 48 Fur- thermore, although use of FD technology was found to provide a statistically significantly higher rate of mid-to long-term occlusion and a lower rate of retreatment, the difference in the rate of good neurological outcome was not statistically significant between groups.
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Finally, treatment of patients with ruptured blister aneurysms by using FDs poses a dilemma in patients who experience vasospasm. In 2013, McTaggart and colleagues described a patient who experienced delayed retraction of a PED used to treat a dissecting aneurysm of the PICA in the setting of vasospasm; the authors also experienced difficulty placing a second telescoping PED due to vessel constriction from spasm. 35 Indeed, the use of flow-diversion technology allows for preservation of endovascular access for treatment of vasospasm, which represents a key advantage of this reconstructive technique over other deconstructive treatment options. 36, 48 However, given that the aneurysm dome is not immediately secured with FD placement, 48 appropriate blood pressure management in the acute setting is an important question. Thus, the risks associated with hyperdynamic therapy in patients experiencing vasospasm whose aneurysms were treated by FDs has not been documented in the literature.
The Next Frontier of Flow-Diversion Technology
Looking forward, technological advancement in FDs may decrease their thrombogenicity, obviating the need for dual antiplatelet therapy. The Pipeline embolization device with Shield (PED-Shield, Medtronic Neurovascular) technology mimics the thromboresistant outer leaflet of erythrocyte membranes and consists of a 3-nm-thick coating of phosphorylcholine covalently bound to the PED surface. 20, 24 It is thought that decreased protein adsorption and cell adhesion on surfaces with phosphorylcholine results in resistance to thrombogenesis. 24 In vitro and ex vivo studies have supported this theory by demonstrating reduced thrombin generation and platelet deposition with PED-Shield compared with FDs without phosphorylcholine. 17, 20 Importantly, PED-Shield has also been effective clinically. Chiu et al. in 2016 used the PED-Shield to treat an intradural VA dissecting aneurysm. The patient underwent loading with 300 mg aspirin before the procedure, received 1 dose of 20 mg abciximab immediately after placement of the device, and then a heparin infusion for 5 days. Only aspirin was continued thereafter. Follow-up MRI at 2 weeks showed a small area of diffusion abnormality in the ipsilateral cerebellum, but another MRI session at 6 weeks showed no further evidence of thromboembolic events. 8 In patients with ruptured aneurysms, the ability to use aspirin alone and the associated increased safety profile of aspirin alone compared to dual antiplatelet therapy offers a significant advantage over previous generations of flow-diversion technology.
Conclusions
Although blister aneurysm pathophysiology is not fully understood, the parent vessel wall fragility and the tendency to rupture intraoperatively have historically made this entity difficult to treat. Retrospective evidence suggests that blister aneurysms may be more amenable to endovascular treatment. Endovascular deconstructive treatment is not often possible and has unequivocal long-term ramifications, which make endovascular reconstructive treatment preferable. Use of flow-diversion technology is associated with a higher rate of mid-to long-term occlusion and a lower rate of retreatment compared with other endovascular treatment options, but FDs have not yet been found to have superior clinical outcomes. The technical difficulty of coiling and the lower rate of retreatment with flow diversion make it an attractive option, but this is tempered by the higher rate of thromboembolic events with FDs and the possibility for hemorrhagic complications with dual antiplatelet therapy. Finally, initiation of dual antiplatelet therapy in the context of flow diversion or stent placement does potentially complicate the treatment of patients with aneurysmal SAH from blister aneurysms, thus highlighting the importance of considering patients' needs for other procedures such as gastrostomy tube placement or ventriculoperitoneal shunting in this population. However, the advent of novel FDs with decreased thrombogenic properties, such as the PED-Shield, represents a key step forward and increases the potential for flow diversion becoming the gold standard for endovascular treatment of blister aneurysms.
